We have cloned the zebrafish pou-2 gene which encodes a novel type (class VII) of POU domain. Maternal pou-2 transcripts are initially found in all blastomeres. However, during later cleavage stages ~014-2 expression disappears in the marginal cells. Some of their progeny will form the first lineage restricted compartment during zebrafish development. Blastula pou-2 expression is confined exclusively to the deep embryonic layer (DEL) forming the embryo proper. No expression is found in extraembryonic tissues, i.e. the yolk syncytial layer (YSL) and the enveloping layer (EVL). Thus pou-2 expression during early embryogenesis correlates with the continuing absence of cell lineage restriction. Towards the end of gastrulation, pou-2 expression becomes confined to the neural plate, predominantly to the prospective hindbrain and to the spinal cord. pou-2 expression in the forming hindbrain is restricted to future rhombomeres r2 and r4. Retinoic acid treatment during epiboly alters the hindbrain domains of pou-2, suggesting that the entire anterior hindbrain acquires &like properties. This finding is supported by analysis of early pax-2 and km-20 expression patterns in RA-treated zebrafish embryos. The changes resemble similar hindbrain transformations observed in other vertebrates, supporting an evolutionary conservation of the mechanisms segmenting the hindbrain of vertebrates. pou-2 appears to respond to the same signals as other presumed patterning genes. This observation, together with pou-2 expression in the hindbrain prior to morphological segmentation, suggests an important role for this putative transcription factor in establishing and specifying rhombomeric segments.
Introduction
Recent studies in zebrafish (Hanneman et al., 1988) and chicken (Lumsden and Keynes, 1989) demonstrated that the vertebrate hindbrain is segmented into at least seven rhombomeres. Every rhombomere is a compartment of cell lineage restriction (Fraser et al., 1990) displaying reiterations of particular structural features (Trevarrow et al., 1990) . Furthermore, the innervation patterns of cranial nerves (Lumsden and Keynes, 1989) , as well as the production and migration patterns of hindbrain derived neural crest cells Sechrist et al., 1993) , suggest that a two-segment periodicity is superimposed upon the segmentation of individual rhombomeres. Such an alternating arrangement of segments is also suggested by transplantation experiments in the chicken (Guthrie and Lumsden, 1991) . Both the segmental nature of the hindbrain, as well as its two-segment periodicity, are reflected at the molecular level in the arrangement of the expression patterns of several developmental control genes (reviewed by Wilkinson, 1993) . Patterning of the anterior hindbrain can be experimentally perturbed by incubating vertebrate embryos with retinoic acid (RA). This treatment alters the expression domains of many regulatory genes (reviewed by Maden and Holder, 1992; MorrissKay, 1993) .
The limits of expression domains of a number of regulatory genes coincide precisely with the boundaries of different rhombomeres. Prominent examples for such genes are several members of the Hox clusters (reviewed 0925-4773/95/$09.50 0 1995 Elsevier Science Ireland Ltd. All rights reserved SSDI 0925-4773(95)00360-D by Krumlauf et al., 1993) , various genes for proteins binding retinoic acid (reviewed by Morriss-Kay, 1993) , as well as members of the Sek family of receptor tyrosine kinases (Nieto et al., 1992; Becker et al., 1994) . One of the best studied genes involved in hindbrain segmentation is . This highly conserved zinc finger containing transcription factor is specifically activated in rhombomeres r3 and r5 of mammals, Xenopus and zebrafish (Wilkinson et al., 1989a; Bradley et al., 1993; Oxtoby and Jowett, 1993) . Gene disruption experiments in mice have shown that Krox-20 is essential for the proper differentiation and maintenance of r3 and r5 (Schneider-Maunoury et al., 1993; Swiatek and Gridley, 1993) .
POU genes encode a family of transcription factors, many of them possibly being involved in patterning and determining cell type identity of the embryonic brain (reviewed by Verrijzer and van der Vliet, 1993; Wegner et al., 1993) . For example, the zebrafish POU gene ZP-50 is expressed in all major subdvisions of the developing CNS (G.H. and T.G., manuscript submitted). In the hindbrain, ZP-50 is initially expressed predominantly in odd-numbered rhombomeres and later in restricted regions of each rhombomere. This suggests a role in hindbrain patterning. Apart from the expression in the developing and adult CNS, some POU genes are also expressed in early embryonic stem cells and germ cells. The mammalian act-6 (fst-1, SUP) gene bears sequence relationships to ZP-50. Ott-6 is most notably active in the brain in proliferating glia cells, but is shut off upon terminal differentiation (Monuki et al., 1990) . Ott-6 is also active in pluripotent stem cell lines where its expression is downregulated during RA-induced differentiation (Meijer et al., 1990; Suzuki et al., 1990) . A similar behavior in pluripotent stem cells is also seen with oct-314: Expression of this POU gene is rapidly lost upon RA-stimulated stem cell differentiation (Schiiler et al., 1989; Okamoto et al., 1990; Rosner et al., 1990; Scholer et al., 1990) . Thus continuing expression of both act-3/4 and act-6 seems to be associated in several instances with the maintenance of an unrestricted developmental state.
We report in this paper the cDNA cloning of the zebrafish pou-2 gene and the characterization of its expression during early embryogenesis. This gene which has also recently been identified by Takeda et al. (1994) encodes the prototype of a novel subclass of POU domains. Pou-2 is expressed during early cleavage stages and becomes excluded around the 64-cell stage from cells that will later give rise to extraembryonic tissues like the yolk syncytial layer (YSL) and the enveloping layer (EVL). However, pou-2 continues to be active in the deep embryonic layer (DEL) cells that will form the embryo proper. Pou-2 behaves therefore very similarly to o&3/4 in the mouse by being expressed only in unrestricted embryonic tissue, and pou-2 might possibly be involved in maintaining this absence of developmental constraints during the initial stages of development.
Expression of pou-2 becomes restricted during gastrulation to parts of the embryonic ectoderm, among them the forming hindbrain. We demonstrate that pou-2 is expressed in the hindbrain very early in rhombomeres r2 and r4. No gene has so far been observed to be expressed in the particular combination of r2 and r4 at such early stages of hindbrain segmentation. Pou-2 might therefore be an important regulator of hindbrain patterning. This notion is supported by the behavior of pou-2 expression in RA-treated zebrafish embryos. Analogous to experiments in higher vertebrates, pou-2 expression is expanded in the anterior hindbrain in a manner suggesting r4-like properties for the enlarged domain. Its very early expression in the forming hindbrain, and the fact that ~0~4-2 responds to RA in the same way as other regulatory genes, make pou-2 an attractive candidate gene to play an important role in hindbrain segmentation.
Results
In a PCR screen for POU genes expressed during early zebrafish development, we identified a cDNA fragment that encodes part of a POU domain which we originally termed GP-9. This PCR fragment was used as a probe to screen a neurula cDNA library to isolate fulllength cDNA clones for the GP-9 gene. The longest isolated cDNA was completely sequenced on both strands (Accession number X84224). Recently, the independent isolation of a nearly identical cDNA was reported by Takeda et al. (1994) , who called this gene pou-2. We are adopting that designation from hereon. Our longest isolated cDNA clone is with 2425 bp slightly longer than the one reported by Takeda et al. (1994) . Its length matches well with a transcript size of about 2.5 kb estimated from Northern blots (not shown). The cDNA contains an open reading frame of 472 amino acids exhibiting no homology outside of the POU region to any other known protein. Restriction digests and partial sequencing of five different cDNA isolates, as well as comparison to the sequence reported by Takeda et al. (1994) , reveals polymorphisms at a frequency of -l%, both within and outside of the open reading frame (data not shown). The polymorphisms consist mostly of single base transitions and transversions. In addition, one of the five analyzed cDNAs showed a more drastic difference. In that case, 4 bp were deleted within the POUhomeodomain, leading to a frame shift. Comparison with sequences of genomic clones (T.G., unpublished results) showed that this frame shift occurs precisely at an exon-intron boundary. Takeda et al. (1994) have demonstrated that at this position alternative splicing can select between two closely spaced splice acceptor sites, generating proteins with differing carboxy termini.
Analysis of the spatial expression pattern by in situ hybridization
We analyzed the spatial distribution of pou-2 transcripts during early zebralish development by whole-mount in situ hybridization. Pou-2 expression is detected already at the l-cell stage (Fig. 1A) . These transcripts must be maternally contributed since there is no zygotic transcription prior to the midblastula transition (Kane and Kimmel, 1993) . This is also supported by high pou-2 levels in ovaries found by Northern blotting (data not shown; Takeda et al., 1994) . Although we assume the yolk to contain part of the maternal pool of pou-2 mRNA, the yolk appears to be refractory to detection of these transcripts by in situ hybridization. The transcripts are evenly distributed among all blastomeres during the first cleavage stages (Fig. 1B) . Surprisingly, we cannot detect pou-2 transcripts anymore in the marginal blastomeres from the 64cells stage on (Fig. 10 Progeny of these cells will later give rise to the YSL (Kimmel and Law, 1985b) . Throughout the following cleavages, no pou-2 expression is detected in the blastomeres located adjacent to the giant yolk cell (Fig.  1D ). In addition, some cells neighboring the marginal blastomeres on the blastoderm surface also show no pou-2 expression (Fig. 1D) . The YSL forms after the 10th cleavage (midblastula) (Kimmel and Law, 1985b) . pou-2 expression is subsequently not found in the YSL (Fig. 1E) . Similarly, there is no detectable pou-2 expression in the EVL from which the extraembryonic periderm will develop later (Fig. 1 E) . However, pou-2 remains expressed at high levels in cells of the.DEL from which the embryo proper will develop ( Fig. 1E and F) .
During gastrulation, expression becomes restricted to the dorsal midline of the embryo, the lateral borders of the neural plate, a transverse stripe in the head region, and to the tailbud ( Fig. 2A and B) . The transverse stripe in the head region resolves into two distinct stripes between the tailbud and the 2-somites stages (Fig. 2D ). Between the 2 and 5-somites stages, pou-2 expression in each stripe condenses progressively into two bilateral patches of strongly stained cells (Figs. 2E and 3B) . Subsequently, pou-2 expression in this area is rapidly downregulated and cannot be detected anymore after the 6-somites stage (Fig. 2F) .
We used our recently developed 2 color whole-mount in situ hybridization procedure to determine the anteroposterior position of the transverse pou-2 domain in the head (Hauptmann and Gerster, 1994; G.H. and T.G., manuscript submitted) . This procedure allows to compare simultaneously the positions of pou-2 mRNA (in purple) with transcripts of marker genes (in red). As a tirst marker, we used the pax-2 gene which was originally reported to be expressed in the posterior midbrain (Krauss et al., 1991a) . In our double-labeling experiment, we found that the pax-2 expression domain is located just anteriorly to that of pow2 (Fig. 3A) . The two domains are precisely adjacent and no cells at the boundary appear to coexpress both genes. At the 5-somites stage, the pax-2 expression domain is separated by a few non-labeled cells from the anterior pou-2-expressing cell clusters (Fig. 3B ). The relative positions of the pax-2 and pou-2 expression domains demonstrate that the transverse pou-2 domain is located in the anterior hindbrain.
The posterior pou-2 cell clusters are located at the level of the anterior end of the forming otic placode stained by pax-2 in situ hybridization (Fig. 3B ). Since the otic placode is induced at a position lateral to rhombomeres r4 to r6, our finding suggests that the posterior pou-2 hindbrain expression domain may map to rhombomere r4. The spacing between the two expression domains indicates that the anterior pou-2 expression site could be located in r2. However, if one assumed that pax-2 is expressed only in the posterior midbrain, but not at all in rhombomere rl of the hindbrain (Krauss et al., 1991a) , this conclusion seemed to contradict our observation that the anterior pou-2 domain touches the pax-2 area (Fig. 3A) .
To resolve this problem, we performed another double-labeling experiment by pou-2-specific in situ hybridization and by immunohistochemical detection of engrailed proteins. The monoclonal antibody 4D9 recognizes proteins encoded by three zebrafish engrailed genes which are specifically expressed at positions covering both sides of the boundary between the forming mid-and hindbrain (Pate1 et al., 1989; Ekker et al., 1992) . As expected, the observed position ofpou-2 staining lies posterior to the engrailed expression domain. Similar to our results with pax-2, anterior pou-2 expression precisely borders the domain labeled by 4D9 at the 2-somites stage (Fig. 3C) . At 5 somites, the two domains are separated by a few unlabeled cells (Fig. 3D ). Since it was reported that engrailed expression is also found in part of rhombomere rl in the anterior hindbrain (Ekker et al., 1992) , this result argues for a position of the anterior pou-2 hindbrain domain within rhombomere r2.
To clarify the discrepancies between the presumed positions of pax-2 and engrailed expression, we performed double-labelings to analyze the distribution of these markers in the forming neural plate. We find that the engrailed domain perfectly overlaps with the site of pax-2 expression at the 2-somites stage (Fig. 3E) . However, at the 20-somites stage, the pax-2 domain is shortened both at the posterior and anterior ends in comparison to the extent of engrailed expression (Fig. 3F) . Thus, pax-2 expression initially extends together with engrailed into the region of the anterior hindbrain. During somitogenesis, pax-2 begins to retract into the midbrain before formation of the furrow separating the mid-and hindbrain. Therefore, pax-2 is a good marker for the posterior border of the midbrain at later stages, but its use at the beginning of somitogenesis does not allow to determine precisely the position along the anteroposterior brain axis. This interpretation is supported by the observation that expression of the gene ZP-50 clearly overlaps with pax-2 expression in rhombombere rl at the IO-somites stage. At 24 hpf, however, the expression domains of the two genes are clearly separated (G.H. and T.G., manuscript submitted).
The mouse zinc finger gene Krox-20 and its zebra&h homolog krx-20 are expressed specifically in rhombomeres r3 and r5 (Wilkinson et al., 1989a; Oxtoby and Jowett, 1993) . Therefore, we carried out two-color in situ hybridization with pou-2 and krx-20 RNA probes on embryos fixed at the 2 and 5-somites stages ( Fig. 4C and E). This experiment shows very clearly that the anterior pou-2 hindbrain domain lies just in front of the site of krx-20 activity in r3. The posterior pou-2 domain is precisely flanked by the krx-20 domains in r3 and r5. This finding unequivocally confirms that hindbrain expression of pou-2 is confined to prospective rhombomeres r2 and r4, respectively. Krx-20 expression is first activated in future rhombomere r3 around the 100% epiboly stage. Interestingly, this activation of krx-20 correlates temporally very well with the separation of the initially broad transverse pou-2 stripe into separate domains corresponding to r2 and r4. At the end of gastrulation, pou-2 expression is also found in longitudinal rows of cells. One pair of cell rows extends laterally, whereas another one is found close to either side of the midline ( Fig. 2A and B) . Optical sections show that these rows of cells are restricted to the epiblast, but not found in the hypoblast (Fig. 2C) . At the level of the hindbrain, the lateral cell rows are contained within the two domains ofpou-2 expression in r2 and r4. The mediolateral extent within which these longitudinal cell rows are found spans the width of the pax-2 and krx-20 stripes (Figs. 3A and 4E ). These findings suggest that the lateral pou-2-expressing cells are part of the forming neural plate. Both the lateral and the medial rows of cells extend from the hindbrain all the way to the level of the tailbud (Fig. 2B) . Expression is stronger in the hindbrain and the tail bud than in the regions in between. The lateral sites of pow2 expression in the hindbrain were located more dorsally than the more medial pou-2-positive cells (Fig. 2E) . We do not know the precise nature of the dorsolateral cells. However, their location seems to correspond to the lateral lining of the neural plate. Fate mapping experiments have shown that this region later produces neural crest cells (Schmitz et al., 1993; !&hilling and Kimmel, 1994) . From the 2-somites stage on, pou-2 expression ceases in the cell rows between r4 and the tail (Fig. 2D ). After the 6-somites stage, pou-2 transcripts can only be found in the tail bud ( Fig. 2F and G) . Pou-2 expression in the neural tube of the extending tip of the tail weakens continuously during somitogenesis but can be detected up to at least 34 hpf (Fig. 2H ).
Retinoic acid treatment of zebrafish embryos
Similarly to the findings with other vertebrates, incubation of gastrulating zebrafish embryos with retinoic acid (RA) causes defects in the areas of the posterior midbrain and anterior hindbrain (Holder and Hill, 199 1) . Few molecular markers were available at the time of that study. Therefore, we have further characterized the RA-induced defects in zebrafish embryos on a molecular level by studying the expression patterns of krx-20, pax-2 and of pou-2 as a novel hindbrain marker.
In situ hybridization of RA-treated embryos showed no alterations of the longitudinal strings of pou-2 expressing cells caudal to rhombomere r4 ( Fig. 4F and H) . However, RA caused a dramatic change in the anterior hindbrain expression pattern of pou-2 (cf. Fig. 4A with  B) . The pou-2-expressing area at the 2-somites stage is enlarged compared to untreated embryos. In addition, this expanded domain is not obviously divided into two substructures. The extent of the altered pou-2 domain corresponds approximately to the area covered by four rhombomeres in untreated embryos. The perturbation of pou-d-gene expression consists not only of an expansion of the expression domain, but the distribution of transcripts within this domain seems to be less ordered than in the normal situation.
The krx-20 gene is expressed normally in r5 at the 2-somites stage. However, the r3 expression domain is completely absent in RA-treated embryos (cf. Fig. 4C with D). Instead, high levels of aberrant pou-2 expression are present in this area in which krx-20 would regularly be expressed. At the 5-somites stage, the krx-20 domain in r3 is still missing and the r5 stripe shows an abnormal anterior extension in the center (cf. Fig. 4E with F). Pou-2 expression in the hindbrain is already strongly downregulated at this time point, but is still visible in the lateral cell rows.
When investigating the RA-dependence of pax-2 gene expression, we found that pax-2 activity in the area near the mid-/hindbrain boundary is strongly reduced or absent, whereas the otic placode and the optic stalk are stained normally (cf. Fig. 4G with H) . Therefore, there must be not only defects in the anterior hindbrain but also in the posterior midbrain. At the 9-somites stage, low levels of abnormal pax-2 expression can be found anteriorly of the regularly detected activity in the otic placode (cf. Fig. 41 with K) . The boundary between midbrain and hindbrain can be recognized in some embryos by weak residual pax-2 staining (not shown). In these cases, abnormal pax-2 activity in the otic placode reaches precisely to the level of this boundary. Furthermore, at the 2-5-somites stage engrailed expression was undetectable by 4D9 staining in the region where the mid-/hindbrain boundary would usually form (not shown). This is consistent both with the absence ofpux-2 expression in this area and with the previous finding by Holder and Hill (1991) of a lack of staining with the anti-engrailed antibody 4D9 in 24-hpf embryos. All our data are compatible with an interpretation that during early somitogenesis the region of the anterior three rhombomeres has been transformed by RA to an r4-like identity. Thus, pou-2 is expressed not only in rhombomeres r2 and r4 but also in the areas normally corresponding to rl and r3. Pou-2 behaves in these experiments very similarly to other marker genes which themselves are strongly believed to play a major role during hindbrain segmentation. Pou-2 may therefore be subject to the same regulatory mechanisms.
Discussion

Pou-2 contains a novel class of POU domain
The POU domain of the zebrafish pou-2 gene does not show particularly high sequence conservation with any of the various subclasses described so far for POU domains (reviewed by Verrijzer and van der Vliet, 1993; Wegner et al., 1993) . Takeda et al. (1994) have pointed out some similarity of pou-2 to the class V POU motif of the murine act-314 protein (Okamoto et al., 1990; Rosner et al., 1990; Schiiler et al., 1990) . However, these two POU domains show only 68% amino acid identity, which is similar to the value found when comparing the unrelated POU domains of mouse o&3/4 (class V) and the zebra&h ZP-50 protein (class III) (G.H. and T.G., manuscript submitted). Within a specific subclass, the POU regions are usually conserved much higher at the amino acid level. Outside of its POU domain, the coding region of pou-2 shows no homology to any other protein. This finding, together with the dissimilarity of the pou-2 and act-3/4 POU domains, leads us to propose pou-2 as the prototype of a novel class VII type of POU genes.
Pou-2 is differentially expressed prior to the midblastula transition
Pou-2 mRNA is deposited in the zebrafish egg as a maternal contribution. During initial cleavages the mRNA is distributed evenly among all blastomeres. However, we find a striking asymmetry from the 64-cells stage on. The cells on the outside of the embryo close to the yolk do not contain pou-2 mRNA anymore. Pou-2 is the first maternally expressed gene known in zebrafish to show such an asymmetric activity pattern prior to the midblastula transition. In the absence of transcription before the midblastula transition (Kane and Kimmel, 1993) , we assume that the downregulation of the pou-2 gene may be achieved by a differential loss of mRNA stability in the marginal blastomeres, or by an uneven distribution of pou-2 mRNA during cell division. Alternatively, the cytoplasmic bridges that connect the yolk and the marginal cells (Kimmel and Law, 1985a ) might be used to specifically export pou-2 mRNA into the yolk.
The YSL arises from the marginal blastomeres during the ninth and tenth cell division (Kimmel and Law, 1985b) . To our knowledge, pou-2 is the first molecular marker showing a difference between the DEL and the future extraembryonic YSL. The continuing presence of pou-2 gene products in the DEL may correlate with the absence of developmental restrictions in this cell population. While some progeny of the marginal blastomers will develop into YSL, others will form DEL (Kimmel and Law, 1985b) . In the absence of transcription, one would assume that these cells contain no pou-2 mRNA during the residual cleavages. In fact, we observe some cells on the blastoderm surface next to the marginal cells lacking poll-2 mRNA. Nevertheless, it is conceivable that zygotic transcription beginning after the midblastula transition could later resynthesize pou-2 in the progeny cells that will be part of the DEL. Most, if not all, deep cells express pou-2 during the blastula stage. Towards the end of the cleavage stages, pou-2 is not expressed in the superficial EVL which will give rise to the extraembryonic periderm.
Although not yet irreversibly committed to their extraembryonic fate (Ho, 1992) , EVL cells become increasingly lineage restricted between 3 and 4 hpf . This increased restriction of developmental potential correlates with the Fig. 4 . Expression of pou-2, krx-20 and pax-2 is altered in RA-treated embryos. The expression patterns of pou-2 (purple), krx-20 (red) and pax-2 (red) were analyzed by in situ hybridization in untreated control embryos (A, C, E, G and I) and in RA treated siblings (B, D, F, H and K). For dorsal views the yolk has been removed from the embryos, anterior is oriented to the top (A-H). For side views the yolk has been left intact, anterior is oriented to the left (I and K). (A) 2-somites stage, pou-2 is expressed in two transverse stripes, which begin to resolve into two bilateral clusters of strong expression. (B) RA-treated 2-somites stage, pou-2 expression is enlarged anteriorly and not divided into substructures. (C) 2-somites stage, the two pou-2 expressing transverse domains map to rhombomeres r2 and r4 when compared to the krx-20 expression in r3 and r5. (D) RA-treated 2-somites stage, anterior krx-20 expression in r3 is missing. Instead, pou-2 is ectopically expressed in the corresponding area. (E) Ssomites stage, pou-2 expression is confined to two bilateral clusters of cells in r2 and r4. Krx-20 is expressed strongly in r3 and r5. (F) RA-treated 5-somites stage, krx-20 expression in r3 is missing. pou-2 expression is found in the lateral cell lines (arrows) running from the level of r4 posteriorly, and in a few cells randomly distributed in the area anterior to the krx-20 r5 domain. (G) 2-somites stage, pax-2 at the rnidbraitiindbrain region borders pou-2 expression anteriorly. Expression in the otic placodes is detected only upon prolonged staining. (H) RA treated 2-somites stage, the strong pax-2 expression in the region corresponding to the posterior midbrain and rl is missing (large arrows), although the weaker expression in the otic placodes (op) can be detected. The staining time for ~0~4-2 detection was shortened in order not to mask possible weak pax-2 expression in the area corresponding to rl. pou-2 expression posterior to r4 is unchanged (small arrows). (I) 9-somites stage. pax-2 is expressed in the optic stalk (OS), the midbraitiindbrain boundary (p) and the otic placodes (op) opposing r4-r6. (K) RA-treated 9-somites stage, pax-2 expression in the optic stalk (OS) is unaffected. pax-2 expression anterior to the otic placode (op) is extended (arrowheads) to the level where expression in the midbrain/hindbrain boundary (pA) would be found in untreated embryos. Abbreviations: op: otic placode; OS: optic stalk; p: midbrainbindbrain boundary; pA: position where midbrainihindbrain boundary would usually form; rhombomeres are indicated by numbers: 2-5; 4*: anterior hindbrain displaying Mike characteristics.
absence of pou-2 in the EVL. During early zebrafish development, pou-2 expression is therefore switched off in cells that contribute to the YSL and the EVL -the first two compartments that become lineage restricted. Conversely, expression continues in the DEL cells that contribute to the embryo proper. It is possible that pou-2 itself is involved in propagating the absence of lineage restriction.
pou-2 expression is segmentally restricted in the hindbrain
The hindbrain of vertebrates is subdivided segmentally into rhombomeres. Various functional and morphological studies showed that a two-segment periodicity is superimposed over the segmental organization (reviewed by Krumlauf et al., 1993; Wilkinson, 1993) . There are only few genes whose expression patterns reflect the similarities between alternating segments. Most prominent is the specific transcription of the Krox-20 gene in odd-numbered rhombomeres r3 and r5 (Wilkinson et al., 1989a) . For even-numbered segments, the only gene known so far to be expressed in an alternating pattern is the mouse follistatin gene (Albano et al., 1994) . Besides follistatin, the only genes known to be specifically expressed in even-numbered rhombomeres are all expressed only in r4. The chicken Cwnr-8C, the murine Sek-2 and the Hox-bl genes are active in r4, in part prior to overt segmentation (Murphy et al., 1989; Wilkinson et al., 1989b; Hume and Dodd, 1993; Becker et al., 1994) . In this paper, we identify the pou-2 gene as another gene with regulatory potential that is expressed in a restricted manner at the positions where evennumbered hindbrain segments will later form. The expression of pou-2 in r2 and r4 is very interesting since these rhombomeres display many functional similarities. Pou-2 may be instrumental in initiating developmental programs establishing these functional similarities.
Pou-2 expression in the future hindbrain becomes clearly delineated around 80% epiboly in a transverse domain. This stage considerably precedes the morphologically observable hindbrain segmentation occurring several hours later. The early transverse pou-2 expression domain could possibly be involved in the demarcation of a subdomain of the preotic hindbrain. The anterior pou-2 expression boundary is directly adjacent to the posterior border of the pax-2 domain arising in the brain at 90% epiboly. It abuts precisely on the posterior extent of engruiled gene expression which starts with somitogenesis. The temporal and spatial relationships of the various expression patterns may indicate that pou-2 acts directly or indirectly as a negative transcriptional regulator of pax-2 and/or engrailed gene expression. By such a mechanism pou-2 would limit the posterior extent of expression of pax-2 and engrailed genes. Around 100% epiboly the hindbrain stripe ofpou-2 expression becomes split into two subdomains. This separation correlates temporally very closely with the activation of krx-20 and raises the possibility that the two processes are directly linked. Possibly, krx-20 acts as a negative regulator of pou-2. Thereby, krx-20 activation in the territory of prospective rhombomere r3 would suppress pou-2 expression. Such an interaction between krx-20 and pou-2 may contribute to the establishment of individual identities for rhombomeres r2, r3 and r4 from the initially broad pou-2 stripe in the unsegmented preotic hindbrain.
Many genes of various species have been implicated in patterning and segment determination within the hindbrain. Most of these genes appear to be activated very closely in time to Krox-20 and its homologs. Pou-2 expression in the zebrafish hindbrain clearly precedes krx-20 activation. The early expression in the anterior hindbrain prior to overt segmentation and the probable function as a transcription factor suggest an important role for pou-2 in the regulation of hindbrain segmentation.
RA posteriorizes rhombomeres anterior to r4
Application of RA to gastrulating vertebrate embryos interferes with a highly conserved patterning mechanism of the brain. RA prevents formation of the posterior midbrain. It also disrupts the segmental arrangement of rhombomeres and changes the identity of individual hindbrain segments (reviewed by Maden and Holder, 1992; Morriss-Kay, 1993; Keynes and Krumlauf, 1994) . RA treatment causes a posteriorization of the three anterior-most rhombomeres to an r4-like fate as judged by analysis of the altered expression patterns of the Hoxb-I and Krox-20 genes in the hindbrains of Xenopus, chicken and mice (Morris+Kay et al., 1991; Papalopulu et al., 1991; Conlon and Rossant, 1992; Sundin and Eichele, 1992) . At least for mice, it was found by varying the precise timing of RA application that the segmentation process per se is not always disrupted. However, in these cases, r2 appears to be transformed to an rClike identity and r3 displays some r5-like properties, respectively (Marshall et al., 1992; Wood et al., 1994) . RA was also found in zebrafish to induce defects in the areas of the posterior midbrain and anterior hindbrain (Holder and Hill, 1991) . Severe reductions in size were seen for the anteriormost three rhombomeres using acetylcholine histochemistry. However, at the time those experiments were performed no appropriate molecular markers were available to study alterations of the identity of affected rhombomeres.
We find that already at the beginning of somitogenesis (10-l 1 hpf), RA treatment severely reduces the area of engrailed and pax-2 gene expression in the posterior midbrain. This is consistent with the deletion of the posterior midbrain observed in l-day-old embryos by Holder and Hill (1991) . Furthermore, the anterior hindbrain has been altered as well, as suggested by our observations of changes in the expression patterns of pou-2, krx-20 and pax-2. At the early time point we carry out our analyses, we cannot analyze in detail how far segmentation as such is affected by the RA treatment. The pou-2 pattern suggests a severe disorganization in the anterior hindbrain of RA treated embryos. This could indicate a loss of segmentation. However, the clusters of acetylcholinesterase activity show an apparently segmentally repeated pattern at 24 hpf, although the size and spacing of these clusters is reduced compared to untreated embryos (Holder and Hill, 1991) .
RA appears to posteriorize hindbrain regions rostra1 to rhombomere r4 also in zebrafish. Pax-2 and engrailed are absent both from the mid-and the hindbrain of RAtreated embryos. Krx-20 activity is maintained after RA incubation in r5, but is undetectable in the area where r3 should form. At the 2-5 somites stage, pou-2 expression in r2 and r4 is expanded by RA to the entire anterior hindbrain. The aberrant anterior elongation by RA of pax-2 staining in the otic placode often extends to a position just posterior to the mid-hindbrain border region, whereas in untreated embryos the otic placode extends just anteriorly to the level of r4. This suggests that the competence of r4 to induce the otic placode in the neighboring ectoderm is extended to the level of rl in RA-treated embryos. All the observed transformations of the anterior hindbrain appear thus to represent changes resembling an r4-like character. RA induced alterations in the fish hindbrain have a similar phenotype as in higher vertebrates. This suggests that the mechanisms patterning the posterior midbrain and the anterior hindbrain are universally conserved among vertebrates. This conservation suggests that pou-2 responds to the same upstream signals as other presumed regulatory genes. This and the early activation of pou-2 are strong support for the notion that pou-2 may have an important function in hindbrain segmentation.
Material and methods
Cloning of ~024-2
Standard molecular biology procedures were used (Sambrook et al., 1989) . 500,000 plaques of a neurula ZAP11 library (prepared from 9-16-h-old embryos by R. Riggleman and K. Helde, a kind gift from D.J. Grunwald) were screened with a 260-bp PCR fragment (T.G., unpublished results) containing parts of the pou-2 POU domain (originally termed GP-9). Twenty four clones repeatedly hybridized to replica filters. Their inserts were subcloned into BSSK-by in vivo excision. Restriction analysis indicated that these clones represented at least nine different original cDNA inserts. For sequencing, nested deletions were generated from both ends of the longest insert (clone GP9-2). The complete sequence of both strands was determined and submitted to the EMBL database (accession number X84224). Partial sequences were determined from four other cDNA inserts.
Fish stocks and handling
Fish were kept essentially as described (Westertield, 1993) . For experiments we used a wild type strain from West Aquarium (Bad Lauterburg, Germany). Ages are given in hours post fertilization (hpf) based on the standard developmental stages at 28.5"C as described in Westertield (1993) . In some experiments the embryos were treated with lo-' M retinoic acid (RA) at the 50% epiboly stage for 1 h as described (Holder and Hill, 1991) , washed six times with embryo medium and fixed at various stages. Control siblings were treated the same way but RA was omitted from the added solvent (DMSO). A few RA-treated embryos were left to develop up to 24 hpf in each experiment. These control embryos were viewed under a dissecting microscope to verify that the RA treatment had the effects described by Holder and Hill (1991) . RA-treated embryos were fixed at appropriate stages in 4% paraformaldehyde in PBS over night at 4"C, washed four times in PBSTw and then stored in methanol at -20°C for in situ hybridization or immunohistochemistry. In some pilot experiments, we reproduced and confirmed the results of Holder and Hill (1991) by analysis of RA-treated 24 hpf embryos by 4D9 and zn-12/HNK-1 immunohistochemistry and by acetylcholine esterase assays (not shown).
In situ hybridization, immunohistochemistry and acetylcholinesterase assays
Acetylcholinesterase assays were carried out according to Holder and Hill (1991) . In situ hybridization and antibody stainings were performed as described (Hauptmann and Gerster, 1994; G.H. and T.G., manuscript submitted) . The following three pou-2 fragments subcloned into BSSK-were used to generate RNA probes for in situ hybridization: (1) 653-bp Sau3A-NsiI of the 3 ' untranslated region; (2) the 5 ' most 932 bp of clone GP9-2 up to the EcoO1091 site; (3) 537 bp AccIRsaI encoding 17 bp of the homeodomain, the Cterminus ofpou-2 and part of the 3' untranslated region. All probes gave similar results when used individually. In most cases a mixture of the three probes was used to achieve optimal signal intensity. RNA probes were synthesized using T7 RNA polymerase after template linearization by SpeI (probe l), SmaI (probe 2) or XbaI (probe 3). Initially, we also used a double-stranded DNA probe containing the 5 ' 488 bp of the cDNA site labeled by random priming. Although this DNA probe gave qualitatively the same pattern as RNA probes, the sensitivity was lower. Other probes were RNAs synthesized from the full-length cDNA clones of pax-2 (Krauss et al., 1991b) and krx-20 (Oxtoby and Jowett, 1993) . For the 2 color in situ hybridizations shown in this paper, (Hauptmann and Gerster, 1994; G.H. and T.G., manuscript submitted) pou-2 mRNA was detected in purple and transcripts derived from other genes in red. Often the stainings were confirmed with the converse combination of dyes (not shown). To detect engrailed antigens, we used the 4D9 monoclonal mouse antibody (Pate1 et al., 1989) and sheep anti-mouse immunoglobulin Fat, fragments conjugated to alkaline phosphatase.
